Multiorgan apoptosis occurs during sepsis. Following cecal ligation and puncture (CLP) in rats, thymocytes underwent apoptosis in a time-dependent manner. C5a blockade dramatically reduced thymocyte apoptosis as measured by thymic weight, binding of annexin V to thymocytes, and laddering of thymocyte DNA. When C5a was generated in vivo by infusion of purified cobra venom factor (CVF), thymocyte apoptosis was significantly increased. Similar results were found when CVF was injected in vivo during the early stages of CLP. In animals 12 hours after induction of CLP, there was an increase in the activities of caspase-3, -6, and -9, but not caspase-1 and -8. Cytosolic cytochrome c levels increased by twofold, whereas mitochondrial levels showed a 50% decrease. Western blot analysis revealed that the content of Bcl-X L (but not of Bcl-2, BAX, Bad, and Bim) significantly decreased in thymocytes after CLP. C5a blockade in the sepsis model almost completely inhibited caspase-3, -6, and -9 activation, significantly preserved cytochrome c in the mitochondrial fraction, and restored Bcl-X L expression. These data suggest that systemic activation of complement induces C5a-dependent apoptosis of thymocytes and that the blockade of C5a during sepsis rescues thymocytes from apoptosis.
Introduction
Sepsis, together with systemic inflammatory response syndrome (SIRS) and consequent multiple organ failure syndrome (MOFS), is the most common cause of death in intensive care units (1) . Increasing evidence shows that apoptosis occurs in many organs during sepsis. In experimental models of sepsis, apoptosis was noted in the thymus, spleen, Peyer's patches, liver, kidney, lung, intestine, and skeletal muscle (2) (3) (4) . In patients with sepsis, focal apoptosis in the spleen, colon, and ileum has been demonstrated (5) . The onset of apoptosis seems to accompany the development of MOFS in sepsis. Many cell types are the targets for apoptosis during sepsis. Sepsis delays neutrophil apoptosis but increases apoptosis in T-lymphocytes, B-lymphocytes, macrophages, epithelial cells, and endothelial cells (2) (3) (4) . Lymphocytes appear to be the predominant cell target for apoptosis during sepsis. Extensive lymphocyte apoptosis accompanied by depletion of lymphocytes in white pulp of the spleen and development of lymphocytopenia has been found in most cases of humans with sepsis (5) . Atrophy of the thymus associated with thymocyte apoptosis has been observed in a model of Gram-negative or -positive sepsis, as well as in CLP-induced sepsis in rodents (6) (7) (8) . Tcell suppression and a decrease in total T-lymphocyte numbers are characteristic symptoms in MOFS (2) .
Transgenic mice that selectively overexpress Bcl-2 in T cells showed almost complete protection against Tlymphocyte apoptosis and had improved survival in sepsis (9) . Administration of z-VAD-fmk, a pan-caspase inhibitor, blocked lymphocyte apoptosis in thymocytes and splenocytes and resulted in marked improvement in survival in CLP-induced sepsis in mice (9) . These data suggest that widespread lymphocyte depletion induced by apoptosis may be attributable to immunosuppression that occurs in sepsis.
Activation of the alternative pathway of complement is considered to be an effective defense mechanism against invading microorganisms. However, excessive activation may lead to compromised host defenses (10) . There is strong evidence for complement activation in sepsis. Activation of complement as reflected by elevated plasma levels of anaphylatoxins, C3a and C5a, has been documented in the baboon and rat septic shock models (11, 12) . There is also clear evidence for presence of complement activation products, C3a, C4a, and C5a, in the plasma of septic humans (13, 14) . Complement is known to contribute to regulation of the immune response (15) . C5a is considered to be one of the most potent inflammatory peptides with many biologic functions (16) . In vivo blockade of C5a significantly improves survival rates in experimental sepsis (12, 17, 18) . However, little is known concerning the mechanism underlying the protective effects of C5a blockade in sepsis. In the current studies, we sought to determine whether blockade of C5a would affect thymocyte apoptosis in rats undergoing CLP-induced sepsis in an attempt to understand potential roles of C5a in immunoregulation during sepsis. We also induced in vivo generation of C5a by intravenous infusion of CVF, to determine whether there was an increase in C5a-dependent apoptosis.
Methods
Experimental sepsis induced by CLP. Male Long-Evans specific pathogen-free rats (8-12 weeks old; Harlan Inc., Indianapolis, Indiana, USA) were used in all studies. Anesthesia was induced by intraperitoneal administration of ketamine (20 mg/100 mg body weight). Through a 2-cm abdominal midline incision, the cecum was ligated below the ileocecal valve without obstruction the ileum or colon. The cecum was then subjected to a single "through and through" perforation with a 21-gauge needle. After repositioning the bowel, the abdominal incision was closed in layers with plain gut surgical suture 4-0 (Ethicon Inc., Somerville, New Jersey, USA) and metallic clips. Sham animals underwent the same procedure except for ligation and puncture of the cecum. At different time points, the rats were sacrificed, and the thymus was removed and weighed. Thymocytes were dissociated from thymus in nontreated, sham, or CLP rats according to Morris et al. (19) with minor modifications.
For antibody intervention, immediately after induction of sepsis, some animals received either 400 µg rabbit anti-rat C5a intravenously or 400 µg preimmune rabbit IgG. Preparation and characterization of antirat C5a are described elsewhere (18) . This polyclonal antibody does not block whole complement hemolytic activity (CH50) in rat serum (data not shown). Immunoprecipitation with activated rat serum using beads coupled with this antibody yielded a characteristic rat C5a protein band in the 14-kDa position in Western blot analysis (20) .
Complement activation in vivo. Cobra venom factor (CVF) was purified from lyophilized cobra venom (Naja naja kaouthia) (Sigma Chemical Co., St. Louis, Missouri, USA) by ion exchange chromatography and gel filtration (10) . Three units of CVF were injected intravenously into normal male 275-to 300-g LongEvans rats or into rats 3 hours after induction of CLP. Three hours after injection of CVF, animals were sacrificed, and thymocytes were isolated as already described here and analyzed for evidence of apoptosis.
Analysis of DNA fragmentation. Thymocytes (1 × 10 7 ) were lysed in lysis buffer (6 M guanidine-HCl, 10 mM urea, 10 mM Tris-HCl, and 20% Triton X-100 [pH 4.4]). The DNA was extracted by a DNA purification kit (Boehringer-Mannheim Corp., Mannheim, Germany). After quantification, 2 µg of each DNA sample was subjected to electrophoresis on a 1.5% agarose gel. The gels were stained with ethidium bromide (10 µg/ml), and were photographed under ultraviolet illumination.
Detection of thymocyte apoptosis by flow cytometry analysis. Thymocytes (2 × 10 6 ) were stained with Annexin V (Ax) conjugated to FITC and propidium iodide (PI) by using the Annexin-V-FLUOS staining kit (BoehringerMannheim Corp.) according to the manufacturer's instruction. Immediately after staining, the cells were analyzed on a flow cytometer (Coulter Corp., Miami, Florida, USA) using 488 nm excitation and a 525-nm bandpass filter for FITC and a 620-nm filter for PI detection. Data were analyzed by using WinList computer software (Verity Software House Inc., Topsham, Maine, USA). Electronic compensation of instrument was carried out to exclude overlapping of the two emission spectra. Cell debris was eliminated by gating according to side-scatter and forward-scatter detection. The regions for Ax-positive only, PI-positive only, double-positive, and double-negative were created by single-parameter analysis with Ax-FITC or PI.
Caspase activity assay. Caspase-1, -3, -6, -8, -9 activities were determined by a fluorometric assay (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) according to the manufacturer's instructions. Briefly, cell lysate from 1 × 10 6 thymocytes was incubated with caspase substrates (50 µM final concentration): Ac-YVAD-AFC (caspase-1), Ac-DEVD-AFC (caspase-3), Ac-VEID-AFC (caspase-6), Ac-IETD-AFC (caspase-8), and Ac-LEHD-AFC (caspase-9). Two hours after incubation at 37°C, any cleaved AFC was detected on a Cytofluor II plate reader (Millipore Corp., Bedford, Massachusetts, USA) with a 400-nm excitation and 505-nm emission filter. Fluorescent units were converted to picomoles of AFC using a standard curve of free AFC. The results were expressed as picomoles of AFC released from substrates per microgram protein over a 2-hour incubation time.
Determination of cytosolic and mitochondrial cytochrome c content. Subcellular fractionation was extracted as described previously with minor modifications (21) . Briefly, cells were lysed in lysis buffer (10 mM EDTA, 5 mM EGTA, 20 mM Tris-HCl [pH 7.4], and protease inhibitor), and homogenized in Dounce homogenizer by 40 strokes on ice. The lysates were centrifuged for 10 minutes at 900 g, and then the supernatant was centrifuged for 10 minutes at 5,000 g. The pellet fraction (mitochondria) was solubilized in PBS containing 0.5% Triton X-100. The supernatant was recentrifuged at 100,000 g (4°C for 45 minutes) to provide the cytosol fraction. Cytochrome c concentrations in cytosol and mitochondria were quantitatively determined using a cytochrome c ELISA kit (R&D Systems Inc., Minneapolis, Minnesota, USA) according to the manufacturer's protocol.
Western blot analysis. Cells were lysed in the lysis buffer and homogenized in Dounce homogenizer with 40 strokes on ice. The cytoplasmic extracts were obtained by centrifuging the lysates for 10 minutes at 900 g. Protein levels were determined by a Bio-Rad Protein Assay (Bio-Rad Laboratories Inc., Hercules, California, USA). Samples containing 100 µg protein were elec-trophoresized in a denaturing 10% polyacrylamide gel and then transferred to a nitrocellulose membrane. Nonspecific binding sites were blocked with Trisbuffered Saline-Tween (TBST) (40 mM Tris [pH 7.6], 300 mM NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk for 12 hours at 4°C. Membranes were incubated with the following antibodies in a 1:1,000 or 1:2,000 dilution: polyclonal rabbit anti-Bcl-2 (PharMingen, San Diego, California, USA), polyclonal rabbit anti-BAX (PharMingen), monoclonal mouse anti-Bcl-X L (PharMingen), polyclonal rabbit anti-Bad (Santa Cruz Biotechnology Inc.), polyclonal rabbit anti-Bim (PharMingen), and monoclonal mouse anti-α-tubulin (Sigma Chemical Co.). After five washes in TBST, membranes were incubated in a 1:10,000 dilution of horseradish peroxidase-conjugated donkey anti-rabbit or mouse IgG (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). The membrane was developed by enhanced chemiluminescence technique according to the manufacturer's protocol. Protein expression was quantitated from digitized autoradiography films using image analysis software (Adobe Systems, San Jose, California, USA). Protein levels were normalized by probing the same blot with α-tubulin.
Assessment of NF-κB activation by electrophoretic mobility shift assay. Nuclear extracts were prepared using the method described previously (22) . Protein concentrations were determined by bicinchoninic acid assay with trichloroacetic acid precipitation using BSA as a reference standard (Pierce Chemical Co., Rockford, Illinois, USA). Double-stranded NF-κB consensus oligonucleotide (5′-AGTGAGGGGACTTTCCCAGGC-3′; Promega Corp., Madison, Wisconsin, USA) was endlabeled with γ [ 32 P] ATP (3,000 Ci/mmol at 10 mCi/ml; Amersham Pharmacia Biotech). Binding reactions containing 5 µg nuclear extracts and 35 fmols (∼50,000 cpm, Cherenkov counting) oligonucleotide were performed for 30 minutes in binding buffer [4% glycerol, 1mM MgCl 2 , 0.5 mM EDTA (pH 8.0), 0.5 mM dithiothreitol, 50 mM NaCl, 10 mM Tris (pH 7.6), and 50 µg/ml poly (dI•dC); Amersham Pharmacia Biotech].
For supershift analyses, antibodies to p50 (NF-κB1), p52 (NF-κB2), p65 (RelA), p68 (RelB), or p75 (c-Rel) were added 15 minutes before adding the radiolabeled NF-κB oligonucleotide. All of these antibodies used in the electrophoretic mobility shift assay (EMSA) experiments were from Santa Cruz Biotechnology Inc. Reaction volumes were held constant to 15 µl. Reaction products were separated in a 4% polyacrylamide gel and analyzed by autoradiography. NF-κB activation was quantitated from digitized autoradiography as stated previously.
Results

Sepsis induces thymocyte apoptosis in a time-dependent manner.
Although thymocyte apoptosis has been extensively studied, the time course of thymocyte apoptosis during sepsis in CLP rats has not been well addressed. In this study, during the time course of 48 hours after sham or CLP induction, thymocyte apoptosis induced by sepsis was monitored by DNA fragmentation and FACS analysis. DNA isolated from thymocytes of sham rats did not demonstrate appreciable fragmentation ( Figure 1 ). DNA fragments with multiples of 180-200 bp, a hallmark of apoptotic cell death, were identifiable in thymocytes 8 hours after induction of CLP. The ladderlike DNA fragments were very distinct at 12 and 24 hours, disappearing at 48 hours ( Figure 1 ).
The time dependency of thymocyte apoptosis in sepsis was also manifested by analysis of phosphatidylserine (PS), an early apoptotic marker on the outer leaflet of apoptotic cell membranes. At different time points after sham or CLP surgery, thymocytes were isolated, stained with Ax-FITC and PI, and analyzed on a flow cytometer. Four groups of cells were differentiated according to the staining patterns: normal cells (Ax -PI -), early stages of apoptotic cells (Ax + PI -), late apoptotic cells and early necrotic cells (Ax + PI + ), and necrotic cells (Ax -PI + ) (Figure 2a ). Constitutive early-stage apoptosis was observed with a percentage of 3-5% in the whole thymocyte population (time 0, Figure 2b ). Sham surgery resulted in a small amount of early-stage apoptosis (<10%). However, the percentage of early-stage apoptotic cells started to increase 6 hours after the onset of sepsis, reaching approximately 30% at 12 and 24 hours, and then decreasing to approximately 15% at 48 hours ( Figure Figure 1 Time course of CLP-induced DNA fragmentation in thymocytes. DNA was extracted from thymocytes of sham or CLP rats at indicated hours and was subjected to agarose gel electrophoresis. M, DNA molecular weight marker. The results are representative of three separate experiments. 2b). CLP also induced a progressive increase in the percentage of late apoptotic and early necrotic thymocytes, but sham surgery did not (Figure 2c) .
Reduced thymus weight loss and thymocyte apoptosis in sepsis after blockade of C5a. Thymus weight loss after onset of sepsis was demonstrated dramatically (Figure 3 ). Significant weight loss occurred as early as 12 hours after CLP surgery (P < 0.05). Thymus weights reached their lowest levels (at 50%) by 24 hours (P < 0.01). No further weight loss was found at 48 hours. C5a blockade dramatically reduced the thymic weight loss caused by CLP over 48 hours. In CLP rats treated with anti-C5a, thymus weights were not significantly changed within 24 hours ( Figure  3 ). The thymus weight slightly decreased at 48 hours in the anti-C5a-treated group, but was significantly higher than those in the CLP group (P < 0.01).
The effect of C5a blockade on apoptosis as determined by DNA fragmentation was evaluated 24 hours after onset of sepsis. CLP-induced DNA fragmentation was reduced below detectable levels after blockade of C5a (Figure 4a ). Correspondingly anti-C5a treatment resulted in a significant decrease in CLP-induced earlystage apoptotic cells by 80% (P < 0.01) ( Figure 4 , b and c), whereas late apoptotic and early necrotic cells decreased by 93% (P < 0.05) in CLP animals treated with anti-C5a (Figure 4d ).
Inhibitory effects of C5a blockade on caspase activation and cytochrome c release from mitochondria of thymocytes during sepsis.
Based on the time course of thymocyte apoptosis in sepsis (Figure 2b ), a time point of 12 hours was used to evaluate caspase activation and cytochrome c translocation from mitochondria to the cytosol. In comparison to sham controls, caspase-3 activity in thymocytes increased threefold, and caspase-6 and caspase-9 activity elevated twofold 12 hours after CLP. Caspase-1 activity was not detectable, and caspase-8 activity was not significantly affected ( Figure 5 ). C5a blockade almost completely inhibited caspase-3, -6, and -9 activation occurring after CLP (P < 0.05) ( Figure 5 ).
In thymocytes from CLP rats, there was a significant increase (∼twofold) in the amount of cytochrome c present in the cytosol and a concordant decrease (∼50%) of cytochrome c in the mitochondria fraction when compared with sham controls (Figure 6, a and b) . After anti-C5a treatment, the concentration of cytochrome c dropped by 68% in the cytosolic fraction when compared with CLP rats treated with preimmune IgG and was maintained at 91% of the reference control level in the mitochondrial fraction (P < 0.05) ( Figure 6 ).
Effects of C5a blockade on Bcl-2, Bcl-X L , BAX, Bad, and Bim expression in thymocytes. Thymocytes from normal, sham, and CLP-and anti-C5a-treated CLP rats were evaluated for Bcl-2, Bcl-X L , BAX, Bad, and Bim content 12 hours after onset of sepsis. Western blot and image analysis revealed the following: (a) Bcl-2, Bcl-X L , BAX, Bad, and Bim were constitutively expressed in the thymocytes. Sham surgery had no effect on the expression of these proteins (Figure 7a ). (b) However, there was a significant decrease in Bcl-X L content in thymocytes from CLP rats (P < 0.05). Bcl-X L content was maintained at 90% of the reference control level in thymocytes from CLP rat treated with anti-C5a (Figure 7, a  and b) . No significant changes were found in Bcl-2, BAX, Bad, and Bim content in any group (Figure 7a) .
NF-κB activation in thymocytes in sepsis; lack of effects of anti-C5a. To identify the components of translocated NF-κB, thymocyte nuclear extracts from rats 12 hours after CLP were used for supershift assays with antibodies to p50, p52, p65, p68, and p75. Supershift (Figure 8a, filled arrowhead) and an NF-κB band of reduced intensity (Figure 8a , solid arrow) were observed with anti-p65 addition (Figure 8a ). Additionally the intensity of another NF-κB band (Figure 8a , open arrow) was reduced with anti-p50 addition. No evident supershifts were found with the addition of anti-p52, anti-p68, and anti-p75. These data suggest that the NF-κB complex in thymocytes from CLP rats was primarily composed of p50 and p65 heterodimers.
NF-κB activation was evaluated in thymocytes 12 hours after CLP. Constitutive NF-κB p65 (Figure 8b , filled arrow) and p50 (Figure 8b , open arrow) were found in control rats (Figure 8b ). Sham surgery did not cause NF-κB activation (Figure 8b ). Sepsis resulted in a significant increase in nuclear translocation of NF-κB (Figure 8b ). The strong p50 and p65 NF-κB bands were also observed in anti-C5a treatment group (Figure 8b ). Image analysis revealed that the intensity of the p50 and p65 NF-κB bands was not significantly changed by anti-C5a treatment compared with CLP rats (data not shown), but instead an unknown low migrating band (open arrowhead) was enhanced. This band could not be supershifted by anti-p50, anti-p52, anti-p65, antip68, or anti-p75 (data not shown), indicating that it might be a nonspecific band.
C5a-dependent apoptosis after infusion in vivo of CVF.
To explore further a relationship between C5a and thymocyte apoptosis, two experiments were carried out. The results are shown in Figure 9 . In the first set of studies, 3 U purified CVF were injected intravenously into otherwise normal rats together with 500 µg preimmune IgG. Thymocytes were obtained 3 hours later. Under such conditions, plasma levels of C5a quickly peak after infusion of CVF (10) . As shown in Figure 9 , Ax binding to thymocytes rose from approximately 7% to 16% (P < 0.05) in CVF-treated rats. Blood obtained from these animals at the 3-hour time point failed, as expected, to show any evidence of aerobic or anaerobic bacteria (data not shown). In a companion set of rats treated with 500 µg anti-C5a IgG, most of the Ax binding to thymocytes was suppressed (9%; P < 0.05) when compared with the group treated with preimmune IgG.
Another set of rats was subjected to CLP at time 0. Three hours thereafter, animals were infused intravenously with 3 U CVF in the presence of 500 µg preimmune IgG or 500 µg anti-C5a. Three hours thereafter (or 6 hours after CLP), thymocytes were obtained and examined for Ax binding. The results are shown in Figure 9 . CLP rats (at 6 hours) showed a slight increase in Ax binding (11%; P = NS when compared with controls). In CLP animals also injected at 3 hours with CVF, there was at 6 hours a substantial increase in Ax binding (to 26%) (P < 0.05), the increase of which was virtually totally abolished in the presence of anti-C5a. These experiments indicate that in vivo production of C5a can induce increased Ax binding to thymocytes, a feature of apoptosis.
Discussion
Apoptosis is a mode of self-directed cell death that plays an important role in tissue homeostasis (23) . It is well known that apoptosis occurs in both physiological and pathological conditions. Thymocyte apoptosis is an important process involved in T-cell maturation and selection. Negatively selected thymocytes die by apoptosis (24) . In thymus, the majority of thymocytes are unselected and highly sensitive to apoptosis-inducing factors (24) . It is estimated that during thymic development, more than 90% of T-cell precursors die through apoptosis (25, 26) . In sepsis, immature thymocytes, CD4 + CD8 + and CD4 -CD8 -cells, have been found to undergo apoptosis vigorously (8) . The current study shows that markedly upregulated thymocyte apoptosis (8 hours) precedes a significant loss in thymus weight (12 hours). During the period of high-frequency apoptosis (8-24 hours), the thymus weight rapidly decreases. Apoptotic cells are recognized and phagocytized by
Figure 3
The effects of C5a blockade on thymus atrophy induced by CLP. Immediately after CLP surgery, animals were treated intravenously with 400 µg preimmune IgG or 400 µg anti-rat C5a IgG (αC5a). At the indicated time points, the animals were sacrificed and the thymus was weighed. The same protocol for C5a blockade was used in all subsequent figures. For each vertical bar, n = 4 or 5 animals. A P < 0.05 when compared with IgG control. B P < 0.01 when compared to IgG control. macrophages or adjacent cells very quickly, with the entire processing time less than 2 hours in some cells, preventing an inflammatory response (27, 28) . This suggests that the frequency of apoptosis in this study is likely to be an underestimate. Therefore, at some time points such as 12 hours after onset of sepsis, more than 30% of the thymocytes may be undergoing apoptosis. Obviously, thymocyte apoptosis is a crucial event occurring in the thymus during sepsis, resulting in drastic reduction in thymic weight. The short-term presence of apoptotic cells and sustained thymocyte apoptosis with high frequency suggest that different phases of cells with morphological features and/or biochemical alterations exist in the thymus at various periods (8-24 hours) after the onset of sepsis.
The mechanism underlying thymocyte apoptosis in sepsis still remains unclear. It has been found that TNF may not be responsible for the induction of accelerated thymic apoptosis during polymicrobial sepsis (29) . Blockade of corticosteriods released after the onset of sepsis attenuates thymocyte apoptosis (29) . Thymocyte apoptosis is not caused by endotoxin during experimental sepsis, although there is endotoxin-driven activation for thymic apoptosis (30, 31) . Thymocyte apoptosis in sepsis occurs in a p53-dependent and Fas-independent pathway (32) . Nitric oxide (•NO) triggers thymocyte apoptosis but inhibits dexamethasoneinduced apoptosis, indicating that elevated levels of •NO in sepsis might play the dual role in apoptosis (33, 34) . The current study shows that blockade of C5a in sepsis almost completely prevents thymocyte from apoptosis, suggesting that thymocyte apoptosis in sepsis is in some manner involved in a C5a-related pathway.
Humans or animals with sepsis display increased blood levels of proinflammatory factors: TNF-α, INF-γ, IL-1β, IL-6, and IL-8 (35, 36) . Anti-inflammatory cytokines such as TGF-β, IL-4, IL-10, and IL-13 are also recruited into the vascular compartment during sepsis, apparently to counterbalance the proinflammatory responses (35, 36) . SIRS-related cytokines such as TNF-α, IL-1β, IL-6, and IL-10 have been implicated in apoptosis during sepsis (2) . It is becoming appreciated that in sepsis, the loss of the balance between proinflammatory and anti-inflammatory mediators may result in exaggerated proinflammatory responses, the antiinflammatory response syndrome, immunosuppression, apoptosis, and organ dysfuction (37, 38) . Elevated plasma levels of C5a have been found both in humans with sepsis and in animals with sepsis (11) (12) (13) (14) . It has been demonstrated that C5a stimulates the synthesis and release of proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-8 from human leukocytes (39) . An in vivo experiment reveals that the blockade of C5a with
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Figure 4
Protection of thymocytes from apoptosis by C5a blockade in CLPinduced sepsis. Twenty-four hours after surgery, thymocytes were harvested from control, sham, CLP-treated with preimmune IgG, and anti-C5α-treated CLP rats, and evaluated for DNA fragmentation and Ax/PI staining using the same protocols described for anti-C5a in sepsis results in a decrease of over 75% in serum IL-6 bioactivity (39). These data imply that C5a might mediate cytokine expression, thereby affecting the cytokine balance. Taken together with the evidence shown in this study that C5a blockade markedly reduces thymocyte apoptosis in sepsis, it is likely that C5a blockade in sepsis results in a decrease in a group of apoptosis-inducing cytokines, thereby inhibiting apoptosis. In addition, treatment of CLP rats with antiC5a also reduces the levels of bacteremia (18) . CLPinduced thymocyte apoptosis can occur in an endotoxin-independent pathway (30) . In experiments designed to assess the linkage between C5a and thymocyte apoptosis, we first incubated recombinant rat C5a with thymocytes obtained from normal rats and were not able to detect an increase in apoptosis (data not shown). However, in vivo infusion of CVF caused a significant increase in C5a-dependent apoptosis in otherwise normal rats or in rats in the very early stages of CLP ( Figure  9 ). These data indicate a linkage between C5a and apoptosis. Thymocytes from normal rats appear to be resistant to the effects of C5a but may be susceptible after being exposed to a prior insult, such as CLP. Alternatively, it is possible that in vivo generation of C5a leads to enhanced release of adrenal corticosteroids, which then induce apoptosis of thymocytes. These possibilities are currently being explored. It is clear that systemic activation of complement leads to C5a-dependent thymocyte apoptosis ( Figure 9 ). The apoptotic process can not be ascribed to induction of bacteremia, as blood cultures for aerobic and anaerobic bacteria were negative. The precise linkage between C5a and thymocyte apoptosis remains to be determined. The C5a receptor expressed on TGW neuroblastoma cells is associated with the apoptotic signal transduction pathway (40) , and C5a directly causes apoptosis in TGW neuroblastoma cells (41) . Moreover, it is reported that C5a receptor is expressed on the human T cells and upregulated upon phytohemagglutinin stimulation (42) . Despite the mechanism behind the anti-apoptotic effect of antiC5a, C5a blockade appears to be one of the strategies to rescue thymocytes in sepsis. Cells undergoing apoptosis are typified by morphological and biochemical features, including chromatin aggregation, nuclear and cytoplasmic condensation, blebbing of cell membrane, DNA fragmentation, release from mitochondria of cytochrome c into the cytoplasm, activation of caspase cascade, and alterations in membrane asymmetry (23, 43, 44) . It is well accepted that apoptosis is regulated by intracellular signaling. Caspases, proteins of the Bcl-2 family, together with mitochondrial cytochrome c, have been identified as essential components of the intracellular apoptotic signaling pathways (45) .
Caspases, a family of intracellular cysteine proteases, play a pivotal role in the initiation and execution of apoptosis regardless of the origin of the apoptotic stimulus (46, 47) . Caspases are present in normal cells as inactive precursors and by cleavage become active proteases, leading to morphologic changes and cell death by enzymatically reacting with various cellular substrates (46, 47) . Fourteen members of the caspase family have been identified and are divided into two subfamilies, initiator and executor, based on their roles in apoptotic signaling cascade (48) . Caspase-3, -6, and -7 are executors (49), whereas caspase-2, -8, -9, and -10 are believed to be initiators (50) . In this study, elevated caspase activity after onset of sepsis was found in caspase-3, -6, and -9, but not in caspase-1 and -8. These data are in agreement with the previous finding that caspase-2, -3, -6, and -9, but not -1, are activated in sepsis-induced thymocyte apoptosis in mice (51) . Caspase-3 activity elevates to a greater extent than caspase-6 and -9 ( Figure 5 ). These data suggest that caspase-3 but not -1 and -8 play a key role in sepsis-induced thymocyte apoptosis. Increased cytochrome c in the cytosolic fraction and its concordant decrease in the mitochondrial fraction, together with elevated caspase-9 activity, indicate that the mitochondria-dependent cytochrome c/apaf-1/caspase-9 pathway is involved in sepsisinduced thymocyte apoptosis. Cytochrome c is released into the cytosol from mitochondria upon apoptotic signals and then binds to Apaf-1 and dATP. The cytochrome c/Apaf-1/dATP complex recruits caspase-9, leading to its activation (52) . Activated caspase-9 cleaves downstream caspases such as caspase-3, -6, and -7 initiating the caspase cascade (53) .
Members of the Bcl-2 protein family regulate the release of cytochrome c from mitochondria and exert an anti-or proapoptotic effect during apoptosis (45) . Antiapoptotic members include Bcl-2, Bcl-X L , Bcl-w, Mcl-1, A1, and Boo, whereas proapoptotic members are Bax, Bak, Bok, Bcl-X S , Bad, Bid, Bik, Bim, Krk, and Mtd (45, 54) . In the current study, we demonstrate a marked decrease in Bcl-X L expression in thymocytes during sepsis, whereas no significant changes were found in Bcl-2, BAX, Bad, and Bim content. Transgenic mice that selectively overexpress Bcl-2 in T cells show almost complete protection against apoptosis of T cells and improved
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Figure 9
Effects of C5a blockade on thymocyte apoptosis induced by CVF. Rats were injected intravenously with 3 U CVF and 500 µg preimmune IgG or 500 µg anti-C5a, and thymocyte apoptosis was evaluated by Ax staining 3 hours after infusion. For CLP rats, CVF was given 3 hours after CLP surgery. A P < 0.05 when compared with control or CVF + αC5a group. B P < 0.01 when compared with CLP or CLP + CVF + αC5a group. All values represent means ± SEM (n = 4 or 5). C P > 0.05 when compared with control. D P > 0.05 when compared with CLP.
survival in sepsis (9) . However, no difference has been seen for Bcl-2 expression in the spleen sections from septic and nonseptic patients by means of immunohistochemistry (5) . In this study, we were not able to observe a significant change in Bcl-2 expression in thymocytes obtained from sham and CLP rats by Western blots (Figure 7 ). This result is in conflict with the finding that shows a slight decrease of Bcl-2 expression in thymocytes of CLP mice compared with sham mice by flow cytometry (31) . This discrepancy might be caused by species differences and higher sensitivity of FACS analysis in comparison to the densitometric quantification. However Bcl-X L seems to play more important role in apoptosis in thymus than Bcl-2. Bcl-X L , like Bcl-2, interacts with Bax to suppress apoptosis (55) . Bcl-X L protects CD4 + CD8 + thymocyte from apoptosis (56, 57) , which is the major cell type in thymus (6) . Bcl-X L and Bcl-2 show a reciprocal expression pattern during thymocyte maturation (26) . Bcl-2 is highly expressed in CD4 -CD8 -, CD4 + CD8 -, and CD4 -CD8 + thymocytes, but is low in CD4 + CD8 + thymocytes. Conversely, high levels of Bcl-X L are only present in CD4 + CD8 + , but not in CD4 -CD8 -, CD4 + CD8 -, and CD4 -CD8 + thymocytes. Taken together, it is likely that the downregulated Bcl-X L fails to provide a survival signal leading to immature CD4 + CD8 + thymocyte apoptosis in sepsis. NF-κB transcription factors are involved in the regulation of immune and inflammatory responses and cell death (58) (59) (60) . However, the role of NF-κB activation in apoptosis seems to be elusive. Several lines of evidence suggest a protective role of NF-κB activation in apoptosis, whereas others shed the lights on its proapoptotic roles (59) (60) (61) (62) (63) (64) . NF-κB activation has been found in thymocytes upon various apoptosis-inducing stimuli (65) . NF-κB induction rescues thymocytes from apoptosis induced by corticosteroids (66) . Interestingly it is also reported that NF-κB is required for the α-CD3-mediated apoptosis in thymocytes (67) . These data suggest that NF-κB may play different roles in thymocyte apoptosis under different microenvironment. Our data demonstrate NF-κB in thymocytes is activated with the components of p50 and p65 in sepsis. It seems unlikely that NF-κB plays a proapoptotic role in thymocyte apoptosis in sepsis, given that anti-C5a almost completely inhibits thymocyte apoptosis in sepsis without affecting NF-κB activation (Figure 8 ). Further investigation is needed to define the role of NF-κB activation in thymocyte during sepsis.
The current study provides the first evidence to our knowledge that C5a blockade in sepsis rescues thymocytes from apoptosis and provides some insights into potential pathways involved in sepsis-induced apoptosis. Our results suggest that anti-C5a treatment may inhibit thymocyte apoptosis directly or indirectly by suppressing caspase activation, preserving cytochrome c in the mitochondria, and restoring Bcl-X L , and that anti-C5a exerts its anti-apoptotic effects via an NF-κB-independent pathway in sepsis. It seems paradoxical that C5a, which is considered to be important for host defenses, should be playing a harmful role in sepsis. We believe this outcome in sepsis is due to excessive production of C5a, leading to "deactivation" of blood neutrophils. We have already shown that the H 2 O 2 response (induced by phorbol ester) is defective (18) . It seems likely that these neutrophils have lost their ability to assemble NADPH oxidase. Such possibilities are currently under study.
